The predictive clmracteristics of the Teller Acuity Card (TAC) procedure were examined in 129 children treated in a neonatal intensive care unit for preterm birth or perinatal complications. Monocular TAC grating acuity at 4, 8, 11, 17, 24, 30, and 36 months was compared with TAC grating acuity (reliability) and HOTV recognition acuity (predictive validity) at 48 months. Most reliability coefliciients were significant, with r's ranging from 0.13 at 17 months to 0.59 at 36 months. Predictive validity measurements were of similar magnitude, with r's ranging from 0.22 at 4 months to 0.61 at 36 months. Normal TAC scores at earlier ages were predictive of normal TAC and HOTV acuity at 48 months in 73-95% of eyes. TAC scores below the normal range were less predictive, with 39-80% of eyes continuing to show below-normal acuity at 48 months.
INTRODUCTION
Preferential looking (PL)procedures are in widespread use in clinical and laboratory settings for the assessment of grating acuity of infants and young children (Dobson, 1994) . Norms have been established for PL procedures (Birch & Hale, 1988; Courage & Adams, 1990; Atkinson and Braddick (1988) used the laboratorybased forced-choice preferential looking (FPL) technique to study acuity development in a large sample of infants having a first-degree relative with a history of strabismus and/or amblyopia. Initial grating acuity estimates obtained between 8 and 11 weeks of age did not correlate significantly with grating acuity estimates obtained between 6 and 9 months. Poor prediction of acuity results over short intervals (mean = five months) was also reported by Courage and Adams (1990) , in a study in which the Teller Acuity Card (TAC) procedure (McDonald et al., 1985) , a PL procedure developed for clinical testing, was used to study binocular acuity development in 27 healthy full-term infants.
In contrast to the poor predictive characteristics found in short-term follow-up studies, significant correlations between earlier and later PL results were found in four studies in which: (a) subjects were from a clinical rather than a normal population; (b) the initial test age was one year or older; and (c) follow-up extended for at least 1 year. Maurer, Lewis, & Brent (1989b) compared FPL acuity results obtained at 12, 18, 24, 30 , and 36 months with recognition (letter) acuity estimates collected after age 4 years in a group of 35 patients with congenital cataract. Significant predictive correlations were observed between FPL results at 12, 30, and 36 months and later recognition acuity (r's=0.49, 0.39, and 0.45, respectively) . Birch and Spencer (199 l) reported correlations of 0.85, 0.87, and 0.75, between FPL acuity results at approximately age 1 year and follow-up FPL results obtained after 6 and 12 months, and 2-5 years, respectively, in 24 preterm children with a history of 620 C. MASH and V. DOBSON retinopathy of prematurity. Birch and Bane (1991) reported correlations of 0. 64, 0.56, 0.57, 0.56, and 0.82 for FPL tests separated by 3 months, 6 months, 1 year, 2 years, and 3-6 years, respectively, in a group of approximately 20 children with cortical visual impairment who averaged 23 months of age at the time of the first FPL test. In the most recent clinical study, Birch, Swanson, Stager, Woody, & Everett (1993) reported correlations between FPL estimates at 24, 36, and 48 months and recognition acuity at >60 months that ranged from 0.69 to 0.88 for the aphakic eye of 14 children who had surgery during infancy to remove a unilateral cataract. A fifth study, reported recently, examined long-term acuity development in 45 healthy, full-term infants. No correlational data were provided, but examination of results from individual subjects led to the conclusion that acuity scores above the mean in infancy were predictive of acuity scores above the mean after infancy, whereas acuity scores below the mean were less predictive (Saunders, Westall, & Woodhouse, 1996) .
Thus, there is evidence from infants and children with visual abnormalities, and preliminary evidence from children without visual abnormalities, that individual differences in PL acuity estimates can remain stable between late infancy and early childhood. However, sample sizes were relatively small in several of the studies, and in two studies, the age range at the time of the initial test varied widely [the standard deviation of the initial test age was 13.1 months in Birch and Spencer's (1991) study and 24.5 months in Birch and Bane's (1991) study]. Also, only two studies compared PL results with standard recognition (letter) acuity results (Birch et al., 1993; Maurer et al., 1989b) . In one of these (Birch et al., 1993) , the youngest age tested (24 months) was well past infancy, and in the other (Maurer et al., 1989b) , the data have not been published in detail.
The present research is a prospective longitudinal study of acuity development, which was conducted to evaluate the predictive characteristics of TAC assessment of grating acuity in a sample of infants treated in a Neonatal Intensive Care Unit (NICU) for preterm birth or perinatal complications. The overall sample size was larger than that in previous long-term studies of predictive characteristics of PL procedures, and testing was conducted within pre-determined, narrowly defined age windows, including three age windows prior to 12 months. TAC results prior to age 4 years were compared with both TAC and with recognition (letter) acuity results at age 4 years, and the predictive value of both negative (within the normal range) and positive (below the normal range) TAC estimates were calculated to evaluate the measure's accuracy as an early screening tool in this population.
METHODS

Subjects
Subjects were 129 children born between January 1985 and December 1989, who were treated in the NICU of Magee-Womens Hospital, Pittsburgh, PA for preterm birth and/or perinatal complications. Perinatal complications included: hyaline membrane disease, bronchopulmonary dysplasia, perinatal hypoxia/asphyxia, persistent pulmonary hypertension of the newborn, periventricular leukomalacia, or stage 3 or greater retinopathy of prematurity (ROP). The mean gestational age of the sample was 30.7 weeks (SD = 3.6), and the mean birth weight was 1512 g (SD = 650).
Children were tested longitudinally, with test sessions at 4 months [80-218 days (d) Information from ophthalmological examinations, including results of cycloplegic retinoscopy, were available for 112 subjects. Forty-four subjects had an eye examination at one age, 22 had examinations at two ages, and 46 had examinations at three or more ages. Among subjects who had an eye examination at only one age, the examination was conducted between birth and age 1 year (corrected for prematurity) in 21 (48%), between ages 1 and 2 years in 17 (39%), and between ages 3 and 4 years in six (13%). Prior to age 2 years, 20 subjects were diagnosed with one or more of the following conditions: ROP (n= 16), strabismus _> 15 prism diopters (n = 10), high refractive error [hyperopia greater than +4.00 diopters (D) spherical equivalent (n = 2) myopia greater than -2.00 D spherical equivalent (n = 9) astigmatism greater than 2.00 D (n = 2) anisometropia (spherical equivalent or cylinder) greater than 2.00 D (n = 4)] or optic atrophy (n = 4). An additional 12 subjects were diagnosed with strabismus (n = 8), high refractive error (five with hyperopia, one with myopia, four with astigmatism, and one with anisometropia), and/ or optic atrophy (n = 3) between ages 2 and 4 years. Of the 112 subjects whose eyes were examined, 80 had no abnormality observed at any examination. With the exception of one subject with high hyperopia, subjects with high refractive errors were tested with spectacle correction.
Informed written consent was obtained from each child's parent or guardian at the beginning of the initial test session. Parents were provided $5.00 travel reimbursement for each session.
Apparatus
The apparatus consisted of 19 Teller Acuity Cards, and a screen that contained a 20 by 47 cm aperture through which the cards were presented (Vistech, Dayton, OH). Eighteen cards contained a 12.5 by 12.5 cm patch of grating, and one card was a blank, gray card. The 18 cards containing a grating consisting of four cards with a 0.32 cycle/cm grating and 14 cards containing gratings that varied in approximately 0.5-octave steps from 0.43 through 38 cycles/cm.
Using all 19 cards, ten different 10-card subsets of consecutively ordered cards could be formed, each spanning a different range of highest-to-lowest spatial frequencies, as described previously .
Each subset was arranged in order from lowest to highest spatial frequency and, with the exception of subsets containing more than one 0.32 cycle/cm card, adjacent cards differed from one another by approximately 0.5 octave. To ensure that testers were masked to the particular grating spatial frequencies used in a given test, the subset of cards to be used for each test was selected at random from among the ten subsets.
Procedure
Grating acuity. The child was held or seated in front of the acuity card screen. Test distance was 31 4-3 cm at the 4, 8, and 11-month test ages, 55 d: 3 cm at 17, 24, 30, and 36 months, and 84 4-3 cm, at 48 months. All children who had glasses wore them during testing. The eye tested first was counterbalanced across subjects and generally remained the same at all test ages for that child. However, if at any age the parent indicated that the ophthalmologist had diagnosed amblyopia in one eye, that eye was tested first. The acuity of each eye was measured twice, either by the same tester or by two different testers, using the Teller acuity card procedure, as described previously (Dobson et al., 1990) . Briefly, the tester presented the subset of acuity cards in sequential order, from lower to higher spatial frequencies, presenting each card as many times as necessary to decide whether the subject could resolve the grating on the card. From presentation to presentation, the tester typically rotated the cards by 18t)deg, to reverse the left-right position of the grating. However, with some children, especially those in the 2-4-year-old range, testers presented on the same side on some trials, to prevent the child from developing a tendency to look alternately from side to side. Presentation of cards continued until the tester decided, based on the child's eye and head movements, which card contained the highest spatial frequency grating that could be resolved by the child. Testers were aware that the spatial frequencies of the gratings on the cards progressed from lower to higher frequencies, but were masked to the absolute spatial frequencies of the gratings on each card. Testers were also masked to the location of the grating on each card and to the results of any previous tests conducted during the same session. A low spatial frequency card and a blank card were available to the tester at all times to allow the tester to observe the subject's response when a grating was clearly present, and when the grating was absent.
Recognition (letter) acuity. At the 48-month test age, subjects' monocular recognition acuity was measured with the crowded HOTV test (Good-Lite, Chicago), according to a procedure described in detail elsewhere (Cryotherapy for Retinopathy of Prematurity Cooperative Group, 1993) . Measurement of HOTV acuity was conducted prior to TAC testing, by a tester who was unaware of the subject' s acuity results at earlier ages. The eye tested first was the same eye that was tested first with the TAC procedure. Standard distance was 10 feet, but testing at 5 or 2.5 feet was also permitted when the child could not read letters at a farther distance. Children who could not read the 20/40 line on the chart (the largest letters with crowding bars on either side) were tested with the crowded HOTV cards, which contain crowding bars on either side of all letters, up to the size that is equivalent to 20/200 at 10 feet. Acuity was scored as the smallest letter size on which the child scored at least four correct identifications out of a maximum of six presentations.
Data analyses
The results of both grating acuity tests for each eye at a given age were log-transformed and averaged to yield a grating acuity estimate for that eye. In order to avoid problems associated with the lack of independence that arises when statistical analyses are conducted on data of two eyes from a single subject, data from only one eye of each subject were included in analyses of reliability and predictive validity. The eye selected for analysis was the right eye of each subject, because there were more acuity scores for right eyes than for left eyes, and because the distribution of acuity scores from right eyes was broader than that from left eyes (Table 1) due to more right eyes than left eyes having ocular abnormalities that resulted in below-normal acuity scores. For correlational analyses such as those conducted in the present study, it is desirable to have a wide range and a wide distribution of predictor scores, and data from right eyes met this requirement more adequately than did data from left eyes. All analyses were conducted using log transformed acuity scores.
For calculations of predictive values, negative tests were considered to be those resulting in acuity estimates within the age-appropriate normal range (i.e., those within +2 SD of the age-appropriate mean for healthy preterm children tested in our laboratory; Getz, Dobson, & Luna, 1992) . Positive tests were those that produced estimates that fell >2 SD below the age-appropriate mean acuity. The predictive value for a negative test was calculated by dividing the number of eyes with negative acuity tests at both the predictor and the outcome ages by the number of eyes with negative acuity tests at only the predictor age. Similarly, the predictive value for a positive test was calculated by dividing the number of eyes with positive acuity tests at both the predictor and the outcome ages by the number of eyes with positive acuity tests at only the predictor age.
In order to explore a possible confound of the predictive analyses, i.e., the possibility that there are distinct individual differences in the developmental time course of acuity development, an attempt was made to identify clusters of subjects with similar profiles of development. First, test results that were not collected due to missed appointments or failure to complete the procedure were estimated by calculating the mean of the scores from the test ages immediately preceding and following the test age of the missing assessment. The data of only the 71 children whose 4-through 36-month longitudinal profiles could be completed in this manner for the right eye were included in the cluster analysis. The monocular acuity estimates were then mean-corrected on an individual basis (see Green, 1991) , and submitted to principle components analyses to simplify and characterize the developmental pattern. The analyses yielded three factor scores. The factor scores were then submitted to hierarchical cluster analyses--a procedure that is used to assign subjects to groups such that the dependent measures are maximally homogeneous within groups, and heterogeneous between groups (Aldenderfer & Blashfield, 1984) .
RESULTS
Acuity results
The mean acuity estimates for left and right eyes at each test age appear in Table 1 . At ages less than 30 months, mean acuity estimates are similar to those reported by Getz et al. (1992) for healthy preterna children, although standard deviations are larger, especially for data from right eyes, as would be expected since our sample included children with ocular and neurological abnormalities. At the 30-and 36-month test ages, mean acuities are slightly lower than those of Getz et al. and standard deviations are higher. Getz et al. reported mean monocular acuities of 13.9 cycles/deg at 30 months 
Long-term reliability
As shown in Table 2 , Pearson correlation coefficients calculated to quantify the relations between monocular TAC estimates at each of the predictor test ages and TAC estimates at the 48-month outcome age were significant for all predictor ages except 17 months, Cluster analyses, using between-group average linking clustering and cosine similarity criteria (Norusis, 1986), defined three clusters of developmental trends for the data (Fig. 1) . To examine long-term measurement reliability independently of variation in developmental course, predictive correlations were calculated within the three individual profile clusters. Generally, the range of magnitudes of the within-cluster coefficients was comparable to the results for the total sample, suggesting that correlations between predictive and outcome acuities were not obscured by different patterns of acuity development among groups of individuals.
Predictive validity
As shown in Table 2 , correlation coefficients relating +Number of tests showing positive (below-normal) acuity scores at the predictor age. *Data shown for ages at which at least 10 subjects had below-normal acuity scores at the predictor ages.
earlier TAC estimates and 48-month HOTV recognition acuity estimates were significant at all predictor ages. Correlations calculated within the three profile clusters were comparable with those for the total sample, as found in the analysis of long-terrn reliability.
Concurrent validity
The correlation between 48-month TAC estimates and 48-month HOTV estimates was r=0.70 (n=127, P < 0.001).
Diagnostic accuracy
As shown in Table 3 , predictive values for negative (normal) tests were 0.73 or higher for predicting TAC outcome at 48 months, and 0.88 or higher for predicting HOTV outcome at 48 months. The lowest predictive values for negative tests were found at 11 and 17 months, and at all ages, predictive values for negative tests were higher for HOTV outcome than for TAC outcome. Overall, 76% of tests she,wing normal acuity at an earlier age were predictive of normal TAC acuity at 48 months, and 91% of tests showinlg normal acuity at an earlier age were predictive of normal HOTV results at 48 months.
The prevalence of below-normal acuity was not high in the study population. However, at four of the seven predictor ages, at least ten subjects showed below-normal acuity scores. At these ages, predictive values for positive (below normal) tests were variable (Table 4) , but generally higher for HiOTV outcome than for TAC outcome at 48 months. Overall, 56% of tests showing below-normal acuity at an earlier age were predictive of below-normal TAC acuky at 48 months, and 67% of tests showing below-normal acuity at an earlier age were predictive of below-normal HOTV acuity at 48 months.
DII~CUSSION
The findings reported here represent the first analyses of the long-term predictive characteristics of TAC estimates of acuity in infants and young children. Long-term reliability of TAC testing was examined by calculating correlations between earlier TAC estimates of grating acuity and estimates of TAC acuity obtained when children reached four years of age. Predictive validity of TAC testing was examined by calculating correlations between earlier TAC estimates of grating acuity and estimates of recognition acuity obtained with the crowded HOTV test when children reached 4 years of age. Both sets of analyses revealed modest but significant relations across most of the prediction intervals, with the magnitudes of the prediction coefficients being comparable between the two outcome measures. These findings suggest that the TAC procedure can be used for reliable estimation of visual acuity across even extended periods of time, and that TAC estimates of acuity are valid predictors of recognition acuity later in childhood.
Although the correlations between early TAC assessments and TAC assessments at the 48-month test age are modest, they are more impressive when one considers that the long-term reliability of any instrument is constrained by its immediate test-retest reliability. Typically, measures of infants' abilities show low immediate test-retest reliabilities (Colombo, Mitchell, & Horowitz, 1988) . A re-analysis of previously published data on interobserver test-retest reliability of the TAC procedure revealed interobserver correlations (r's) of 0.44 at 4 months and 0.68 at 48 months. Given that the maximum predictive coefficient is limited to the square root of the product of the predictor and outcome reliabilities (here, square root of 0.44 × 0.68, or 0.5470) (Ghiselli, 1963) , the coefficient of 0.24 at the 4-month test age, while accounting for only 5.8% of total sample variance in the 48-month TAC scores, accounts for 19% of the "reliable" variance at 48 months (i.e., variance at 4 months of 0.058 ÷ the variance of 0.2992, as calculated from the maximum predictive coefficient of 0.5470).
The predictive validity results are also more impressive when considered in light of our concurrent validity results, obtained from TAC and HOTV tests conducted at the 48-month test age. That is, the correlation between TAC and HOTV acuities obtained on the same day, is 0.70, suggesting that the correlation coefficients obtained by comparing TAC at earlier ages and HOTV acuity at 48 months should be evaluated in comparison with a potential maximum of 0.70, not in comparison with a maximum of 1.0. Examination of Table 2 reveals that the only age at which significant correlation coefficients were not found for both outcome measures was 17 months. Similar results were reported by Maurer et al. (1989b) , who failed to find a significant correlation between grating acuity at 18 months and recognition acuity after age 4 years. These results, along with previous reports of high inter-subject variability (Getz et al., 1992) and low interobserver reliability at 18 months, suggest that it would be preferable to conduct monocular acuity testing at ages other than 1-and-one-half years.
Although the predictive correlations reported here are generally significant, they are somewhat lower than the long-term reliability (Birch & Bane, 1991; Birch & Spencer, 1991) and validity (Birch et al., 1993; Maurer et al., 1989b) correlations reported for the FPL procedure. There are several possible reasons for this difference. First, the subject populations in the FPL studies had conditions (aphakia, Birch et al., 1993; Maurer et al., 1989b; cicatricial ROP, Birch & Spencer, 1991; cortical visual impairment, Birch & Bane, 1991) in which a substantial range of visual impairment occurs, while most of the subjects in the present study had acuity values in the normal range (Table 1, Tables 3h and 4 ). Because correlational detection of stability depends on the spread of the distribution of scores, the lower correlations in the present study may have been partly a consequence of the more narrow distribution of acuity scores that was characteristic of our sample.
Other factors that may add more variability to TAC results than to FPL results are tester differences and procedural bias. Previous studies have indicated that some TAC testers have a tendency toward higher acuity scores and others have a tendency toward lower acuity scores Mayer et al., 1995; Quinn, Berlin & James, 1993) . Although tester differences have also been reported for the FPL procedure (Teller, Mar, & Preston, 1992) , it is likely that tester differences introduce more variability into TAC results than FPL results, because the TAC procedure relies more on the tester's subjective judgment than does the FPL procedure. Procedural bias refers to the tendency for acuity scores to be influenced by the subset of acuity cards used during testing, in the variant of the TAC procedure used in the present study, in which the tester is unaware of which subset of cards is being used . This outside influence on acuity results could introduce variability into acuity results that is not present in FPL testing. The finding in the present study that the correlations between early TAC scores and later HOTV scores (which involved one TAC test per pair of scores) were higher than the correlations between earlier and later TAC scores (which involved two TAC tests per pair of scores) suggests that TAC-related factors such as tester differences or procedural bias may have increased the variability of our TAC results, thereby reducing the predictive correlation coefficients.
A final issue that we examined was the possible effect that different patterns or time-courses of acuity development could have on the analysis of predictive data. If different groups of children have different acuity development profiles (Fielder, Dobson, Moseley, & Mayer, 1992) , combining data across all children could mask the detection of stable acuity relations that might exist within those profiles (Green, 1991) . Using multivariate techniques, we identified, within the present data set, three clusters of unique developmental functions spanning the age range from 4 through 36 months (Fig.  1) , and examined the predictiveness of TAC estimates relative to 48-month outcome within each of these clusters. Generally, the magnitudes of the correlations were comparable with those for the total sample, suggesting that the coefficients reported here are not compromised by variation in developmental trends across individual subjects.
Predictive value analyses
While the correlational findings presented here provide insight into the consistency of early TAC estimates relative to later outcome on a continuous scale, analyses of the predictive value of TAC testing permit the examination of its accuracy in categorically predicting outcome relative to normality. Both negative (i.e., within the normal range) and positive (below normal) predictive values were presented.
The predictive values of negative (normal) test results were quite high, ranging from 0.73 to 0.84 for TAC grating acuity outcome at 48 months, and from 0.88 to 0.95 for HOTV recognition acuity outcome (Table 3) . Thus, among the present sample, at least 73% of tests showing monocular acuity within the normal range at an earlier age were predictive of monocular acuity within the normal TAC range at 48 months, and at least 88% were predictive of normal HOTV acuity at 48 months. This high degree of accuracy lends considerably to the confidence clinicians can have in their interpretation of normal early TAC results.
The predictive values of positive (below-normal) test results were generally lower and more variable than those for negative test results, ranging from 0.39 to 0.69 for TAC outcome, and from 0.57 to 0.80 for HOTV outcome (Table 4 ). An important factor contributing to the variability in the predictive values for below-normal test results is the relatively small number of subjects who had below-normal acuity scores. Although the population studied (preterm infants and infants with perinatal problems) was selected based on an expectation that they would have a higher prevalence of ocular and visual abnormalities than healthy full-term infants (Fledelius, 1976; Tuppurainen, Herrg~d, Martikainen, & M~intyj~ir-vi, 1993) , most had acuity scores that were in the normal range over the first 3 years of life (Table 3) . Thus, because few subjects were included in the calculation of predictive values of a positive (below-normal) test, each individual positive test that was not categorically stable had a large effect on the overall proportion. Nevertheless, despite this variability, the predictive value of positive tests, collapsed across test ages, exceeds 0.50, indicating that over half of the test:s with acuity scores below the normal range at an earlier age were predictive of belownormal acuity relative tc, both TAC and HOTV acuity norms at 48 months.
Conclusions
The research presented here indicates that TAC estimates are moderately predictive of 48-month outcome assessed both by additional TAC estimates and HOTV recognition acuity estimates. The lack of rigid stability between predictor and outcome estimates appears to be due more to factors compromising measurement accuracy than to factors associated with individual differences i:a acuity and its development. Early negative TAC estimates had high predictive values across all predictor ages, as reflected by their normreferenced categorical stability. Positive estimates had somewhat lower predictive values, but were inclusive of the vast majority of subnormal outcome results.
